The influence of periodic rotor wakes has a substantial effect on the flow in a turbine stator cascade. A mechanism located upstream of a linear, low-aspect ratio, turbine cascade simulated wakes shed from rotor blades by translating cylindrical rods across the inlet of the cascade. In order to provide a test case to increase our fundamental understanding of the unsteady viscous flow typical of a gas turbine engine, three components of velocity, phase-locked into sixteen time windows which encompassed the rotor period, were measured at two upstream planes and one downstream plane. Due to the effects in the endwall region, the wake in the inlet plane bows in the tangential direction as the wake translates into the passage. The effects of the passage vortex do not decay significantly within one chord downstream of the exit of the cascade. The location of the passage vortex at the far downstream exit plane is dependent upon rotor position, as reported in earlier studies. A complete data set of the mean and fluctuating velocity components at all sixteen time windows is available on diskette.
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INTRODUCTION
The flow field in modern gas turbine engines is very complex. The potential flow through a turbine cascade and the two-dimensional boundary layer flows on the airfoil surfaces may be adequately modelled with one of many schemes. However, when a wake field is introduced, these computational schemes are no longer adequate. These computational schemes are deficient in the endwall region where complex boundary layer interactions occur. The wake-generated unsteadiness from the upstream blade row plays a major role in heat transfer, structural loading and blade performance. In order to incorporate the unsteady effects into the design procedure, a much better understanding of the unsteady flowfield is required.
Many investigators, such as Langston (1980) , Sieverding (1985) , Goldstein and Spores (1987) , Yamamoto (1987) , Gregory-Smith et al. (1987 and , and Hebert and Tiederman (1990) have studied flow around and/or inside a cascade in the steady flow situation where there is no effect from the wake of an upstream blade row. Major viscous flow structures inside and downstream of the cascade have been identified and studied. These distinguishing structures are the primary features in unsteady investigations. In recent years significant research in unsteady turbomachinery interactions have been conducted. Doorly and Oldfield (1985) , Dring et al. (1982) , Joslyn et al. (1983 and 1986) , Binder et al. (1985) and others have completed fairly thorough investigations of unsteady rotor wake interactions at midspan. A full mapping of flow parameters around and/or inside cascade passages at various spanwise locations has also been performed by Sharma et al. (1985 and , Hebert and Tiederman (1990) , and Zeschy and Gallus (1991) . They have shown how the entire flow field depends on the relative location of the wake flow.
One objective of the present study is provide more complete inlet and outlet data for the unsteady flow of Hebert and Tiederman (1990) . The experiments were conducted in the same linear cascade which is less complex than a gas turbine engine. Rotor wakes shed from cylindrical rods are convected through a stator row of a water flow facility where the Reynolds number and reduced frequency of typical axial-flow turbine are matched. Mach numbers obviously could not be matched and there is no radial pressure gradient. However, the intent is not to simulate completely an actual turbine, but to provide a controlled test environment for the unsteady viscous phenomena.
Velocity measurements were obtained using a laser Doppler velocimeter. Because water is used as the fluid medium, the actual period of the rotor cycle is greater than that for air and, therefore much lower data acquisition rates are acceptable. This also reduces problems associated with seeding of the flow.
Measurements were made at two inlet planes for all three velocity components at various spanwise and pitchwise locations. These measurements were phase-averaged for sixteen time windows which encompassed the entire rotor period. This provides complete upstream inlet boundary conditions as well as a second inlet plane to study viscous evolution of the wakes from the rods. The exit plane is located one axial chord downstream of the cascade. In both inlet planes, phaseaveraged secondary velocity vector plots, streamwise velocity contours and flow angle contours are presented. In the exit plane, secondary velocity vectors, total velocity contours and turbulent kinetic energy contours are calculated and presented. A compilation of data for the sixteen phase-averaged time windows for each plane is available on diskette.
APPARATUS AND PROCEDURES

Turbine Cascade
The test section contains a five-blade, two-dimensional cascade of turbine stator vanes as described in Hebert and Tiederman (1990) . Fig. 1 shows the stator blades along with the location of the inlet and exit measuring planes, the wake generating rods, and the coordinate system. The blade profile was an Allison Gas Turbine design designated "C3X (Hylton et al., 1983) . The blade profile is also contained in Hebert (1988) . The cascade dimensional parameters are given in Table 1 . Unsteady velocity data were obtained with simulated rotor wakes using a rotor mechanism consisting of cylindrical rods mounted perpendicularly on a tooth timing belt, as described in Hebert and Tiederman (1990) . The rods simulate the velocity deficit associated with drag, but not the lift that would be obtained from an airfoil. The cycle period was 208±5 ms, which results in a reduced frequency of 4.9, based on the true semi-chord and the average inlet freestream velocity. This frequency is typical of axial flow turbines and indicates that the flow is truly unsteady and not quasi-steady. The rotor mechanism translates in the negative y direction. The geometry of the rotor mechanism which was designed to simulate the rotor wakes reported by Dring et al. (1982) is given in Table 2 .
Laser Velocimeter Measurements
All velocity measurements were obtained in the axialtangential-spanwise (x,y,z) coordinate system using a laser Doppler velocimeter (LDV). The axial and tangential velocities (U,V) were obtained simultaneously with the LDV system In order to remove the effects of flow incidence, and to investigate the presence of the horseshoe vortex, the measurements in the inlet planes were transformed into streamwise-normal coordinates using a local freestream incidence angle which was uninfluenced by the rotor wake. These angles were calculated from velocity data for each data point in both inlet planes for each phase-locked time in the wake cycle. These local freestream incidence angles were then used to rotate each point in the entire plane of data for all sixteen time windows. The freestream incidence angles were a function of both pitch and span, supporting the need to rotate the velocity at each point with the local angle, rather than assuming one average value.
The measurements in the exit plane were transformed to a streamwise-normal-spanwise (s,n,z) coordinate system. This system is defined with the streamwise direction parallel to the endwall and the blade exit angle of -72.4'. The normal direction is then perpendicular to the streamwise and spanwise directions. In all planes the streamwise component is considered the primary velocity, while the normal and spanwise components are the secondary velocities.
For the steady flow measurements, each data set contained a minimum of 4000 velocity realizations per component. Using the statistical theory presented by Donohue et al. (1972) and the measured turbulence levels, an error of 0.002 m/s or less was estimated for the streamwise component of the mean velocity at a 95% confidence level. For the unsteady measurements, 4000 realizations required a prohibitively long time since data were obtained over only 40% of the cycle. Therefore only 2000 realizations were obtained for each component and the estimated error in the phase-averaged mean velocity components at a 95% confidence level was 0.018 m/s or less. This maximum error occurred at the exit plane near the suction surface where the turbulence intensity was highest.
In the unsteady flow, phase-averaged data were obtained using a synch pulse from the rotor mechanism. This information was used to determine the phase-locked time at which each velocity realization was acquired. Each realization which was not acquired within the preprogrammed time windows was discarded. A window width of 5 ms was used for all unsteady measurements. With a ±5 ms variation in the rotor period the effective window width was approximately 6.4% of the rotor period.
Data Reduction
Velocity Measurements. In steady flow, the velocity components at each point were assumed to consist of a mean and a corresponding fluctuating velocity such that each velocity component is defined, for example, by Eq. (1).
In the unsteady flow case, it was assumed that at each location in the flow a mean periodic velocity existed. This mean periodic velocity varies with time within each cycle, but is repeatable from cycle to cycle. Superimposed on this mean periodic velocity were random fluctuations, such that at any given time the unsteady flow could be described, for example, by Eq. (2).
U =U +u' (2) In each of the sixteen time windows, the mean periodic value of the velocity realizations were ensemble averaged for the narrow time windows. The root-mean-square of the fluctuations is given by the standard deviation of the velocity realizations within each time window. Turbulent Kinetic Energy. To compare the turbulence levels, the turbulent kinetic energy (per unit mass), q 2 /2, was calculated using Eq. (3).
It is important to note the spanwise component of velocity was measured at an angle of 5.8 ° with respect to the wall-normal so that measurements could be obtained close to the endwall. The mean velocities were easily resolved to obtain the true W. However, without the mixed term, u'w', the true fluctuating component, w', could not be resolved. Because the measurement angle was small, and because the turbulence was reasonably isotropic, it was judged that w'm could be used in Eq. (3) with reasonable accuracy.
Contour Plots. All the area plots which will be presented for the inlet and exit planes are shown as viewed in the spanwise-normal plane, looking upstream. The projected plane is between the #3 and #2 blades and extends from the bottom endwall up to midspan. The software generates a uniform grid of values using triangulation followed by bivariate interpolation. The contour lines were generated using a spline-under-tension curve-fitting routine with the tension adjusted so the lines appeared smooth while not allowing any local minima or maxima which were not represented by at least one original data point. The velocity vector plots were constructed with the tail of the vector located at each measurement location.
RESULTS
Steady Flow
The axial velocity profile at the inlet closely matches that of Hebert and Tiederman (1990) and is shown in Fig. 2(a) . The average freestream velocity is 0.450 m/s, resulting in a Reynolds number of 0.7 X 10 5 , based on blade chord and upstream axial velocity. This Reynolds number can typically be found in many areas of a low aspect ratio gas turbine engine. The turbulent boundary layers were 16.8 mm thick and encompassed 20% of the blade span, which is a valid thickness for this blade design. The inlet conditions are summarized in Table 3 . To ensure periodic flow at the cascade inlet, measurements were made at several locations across two blade passages. Periodicity measurements are plotted in Fig.  2(b) , showing less than 2.5% variation for any two corresponding locations across blades #2, #3, and #4. Inlet Plane. Flow visualization was performed at the inlet plane of the cascade downstream of the rotor mechanism using dye injection to determine whether or not coherent horseshoe type vortices were induced by the translating rods. When the dye was injected at the bottom endwall during the portion of the flow that was unaffected by the rotor wake, the dye showed very small magnitudes of secondary motion. As the dye became entrained in the wake influenced fluid, a strong flow toward the midspan was observed, but no coherent vortical motion was observed consistently. Occasionally a single vortical motion was identified. This intermittent observation might be due to the fully unsteady nature of the flow upstream and around the base of the translating rod. For that reason, entrainment of the dye into the wake region may not be consistent and different aspects of the wake flow might be observed from cycle to cycle.
The cycle-averaged inlet axial velocity profiles in unsteady flow were nearly identical to the steady flow profile. The average freestream velocity was 0.450 m/s with an average boundary layer thickness of 15.0 mm. Table 4 shows the unsteady time-averaged inlet conditions. Shown in Fig. 3 are the phase-averaged, axial velocity, turbulence intensity, and flow angle as a function of nondimensionalized time at the midspan, midpitch location of inlet plane one. A 6% velocity deficit in axial velocity occurred in the wake at a time equal to 81% of the rotor period after the synch pulse. There was an average wake deficit of 15% at the midspan location for all y/S locations. Fig. 3(b) shows that the turbulence intensity increased from 3% in the freestream to 20% in the wake, which is typical for every y/S location. Fig. 3(c) shows the variation of the inlet flow angle as the wake passed the measurement location. The flow angle varied from 7.5 ° in the freestream fluid to -11.6 ° at the wake center. Measurements were obtained at sixteen time windows, as indicated by data points in Fig. 3 . Data from the four time windows, A-D were chosen for presentation in the paper. The windows are equally spaced at quarter pitch intervals corresponding to freestream, wake leading edge, wake center, wake trailing edge. 
Reduced Frequency
4.9
In the discussion that follows, the term 'freestream" refers to the portion of flow that is uninfluenced by the rotor wake. Plotted in Fig. 4 is the tangential-spanwise secondary The plots for the inlet planes have been arranged so inlet plane one is aligned on the left of the page and inlet plane two is on the right of each page for every time window. This yields a clear view of the complex viscous effects. Secondary velocity vectors are presented in Fig. 5 for time windows A to D (a) showing the motion of the wake. For example, in time window
A the fluid at y/S = 0.500 was clearly uninfluenced by the wake. Removal of the incidence effects shows that fluid in the boundary layer-wake region, all the way to the bottom endwall, was lagging the flow at the midspan in both planes.
The dominant feature in these vector plots is the large outrush of fluid in the spanwise direction as the rotor wake passes the measurement plane. A very strong negative tangential velocity component was induced by the rotor motion (b) at the leading portions of the wake particularly at locations close to midspan. At the trailing edge of the wake and in the boundary layer, a spanwise component of velocity was induced. Due to the rotation into the streamwise-normal coordinate systems and the removal of the influence of the incidence angle, no vortical structure is seen. The wake extended to 62.5% of the pitch at the midspan and narrowed to 12.5% of the pitch • at the bottom endwall. There was not significant difference in the wake width between inlet planes one and two. This is due partially to an increase in the freestrearn velocity. wake. This acceleration of the freestream velocity was due to c) Flow Angle the potential effects of the cascade. The displacement thickness decreased b 14% from i,l t 1 o +.-*' .* 1 t I t t y o e pane ne to a pane wo a midpitch. These plots also show that the boundary layer was thicker in the wake region due to the deceleration of the flow, while in the freestream portion of each time window, the boundary profile was thinnest. Therefore the viscous effect protruded farther from the endwall in the wake region.
The relative flow angle varied significantly between the freestream and the wake region as shown in Fig. 7 . As the wake fluid traversed inlet plane one, the flow angle variation had characteristics consistent with wake bowing. The contours at the leading edge of the wake show the fluid in the boundary layer region lagging the midspan fluid. This is seen in all time 1 / s windows, but it is most apparent for inlet plane one when the 0.20 maximum vector wake was centered in the passage. The flow angle was 8.0 ° at the leading edge of the wake and changed rapidly to a flow Fig. 4 Secondary Velocity Vectors at Inlet Plane One, Time angle of -10.4 ° at the center of the wake. The trailing edge of Window C the wake has a more spanwise uniform variation back to velocity vectors for time window C where the wake center is at the midpitch location at inlet plane one. In this view the motion of the wake can be observed but not easily. There was a single vortical structure with its center at 25% span. Due to the influence of the incidence in the flow on the cascade, there is an overall motion in the positive y/S direction. To see the wake flow clearly the effect of the flow incidence was removed as described earlier.
freestream flow angles. The flow angle characteristics exhibited in inlet plane one also occurred in inlet plane two.
Exit Plane. A phase-averaged profile of the rotor wake was also obtained at the exit of the #2 -#3 blade passage. Fig. 8(a) shows the axial velocity at the midspan location with y/S = 0.43. A velocity deficit of 17% occurred at a time equal to 25% of the rotor period after the synch pulse. The four time windows for presentation of the exit plane data were chosen as shown and labeled A to D as in the inlet plane. 9 are plots of the isocontours of total velocity, secondary velocity vectors, and turbulent kinetic energy for the four time windows at the exit plane. The four plots exhibit the characteristics described by Hebert and Tiederman (1990) . The lowest velocity occurred in an area near the center of the suction side blade wake. Growth of the blade wake is evident when one compares these total velocity contours with those of Hebert and Tiederman (1990) whose exit plane was closer to the blade row. Time window A shows that the wake along the pressure side was uniform across the span and much thinner than the wake from the suction surface. This was expected due to the transitional and turbulent nature of the flow on the blade suction side. Sharma (1988) stated that 75% of the profile losses occur on the suction side of the airfoil. The spanwise location of the minimum velocity varied as the wake field entered the plane. In the freestream time window A, the low velocity measurement of 1.12 m/s was centered at z = 19 mm. As the wake enters the plane in time window B, the low velocity fluid of 1.11 m/s was at z = 29 mm. At time window C, the low speed fluid of 1.12 m/s was located at z = 21 mm. As the wake leaves the plane, the low velocity fluid of 1.13 m/s moved toward the endwall location of z = 12 mm. These plots show motions similar to those of Hebert and Tiederman (1990) in which the low speed fluid was located at z = 14 mm, 20.5 mm, 18 mm, and 12 mm for each respective window. These locations of low speed fluid show where the low momentum fluid accumulated by the passage vortex was deposited.
Secondary velocity vectors plotted in the second column plainly show the passage vortex. The vortex here is similar, but larger than that of Hebert and Tiederman (1990) . Here the )5) Isocontours of turbulent kinetic energy for the four time windows are shown in the last column of Figure 9 . Compared to the previous experiment of Hebert and Tiederman (1990) , a much smaller portion of the passage had a kinetic energy level less than 0.0025 m2 /s2 . This was mainly due to the spreading of the blade wakes as they moved downstream. The turbulent kinetic energy level contour lines along the pressure surface were uniformly spaced as were the total velocity contours. The maximum turbulence levels varied at the exit plane, but overall In time window D where the wake fluid is leaving the exit plane, the low turbulence level (below 0.0075 m 2 /s2 ) extended to the endwall region. The high turbulence region centered 65% from the suction surface in the endwall region in the previous window was no longer present. The maximum turbulence level on the suction side of the passage was 0.0138 m2 /2. 
CONCLUSIONS
Extensive three-dimensional, phase-locked velocity measurements were obtained at two inlet planes and an exit plane in a turbine stator cascade with a periodic wake field. In the inlet planes, there was a relatively small spanwise velocity component compared to the normal component in the freestream fluid. As the fluid from the wake traversed across the plane, fluid swept from the endwall region toward the midspan. In both the secondary velocity vectors and the phase-averaged flow angle variation plots, bowing of the wake in the tangential direction was clearly identified as the wake fluid at the endwall lagged the wake fluid at midspan. In the test case, the endwall region around the wake generating device was stationary. In a gas turbine engine, a portion of the wall around the blade would be in motion, therefore this bowing could be significantly reduced in the endwall of a gas turbine engine. In the exit plane, the passage vortex was easily defined by the secondary velocity vectors. The movement, location, and magnitude of the low speed fluid deposited by the passage vortex was comparable to Hebert and Tiederman (1990) verifying the slow decay of the passage vortex strength as it translates downstream.
These measurements demonstrate the fully unsteady nature of the flow in axial-machine blade rows and should be sufficient to test numerical algorithms designed to predict the viscous effects from the endwall boundary layer. As shown by the results, a substantial portion of the flow passage can be affected. Therefore these viscous phenomena are of major importance to the turbine flow field. A complete data set in laboratory coordinates for all sixteen time windows and all three data planes is available on an IBM compatible floppy disk from the authors. The cascade geometry and blade profiles are included on this disk. 
